European water legislation enforces increasingly restrictive measures with regards to reduction of water consumption and waste emission in order to minimise the potential environmental impact of the agro industry sector. Fish farms are particularly concerned, but legislation covering effluent discharge varies significantly from country to country. However, recommendations and directives from institutional, national or regional bodies suggest the enforcement of increasingly strict waste reduction measures and the development of waste treatment. Before treatment, it is necessary to evaluate waste production in terms of composition and quantity. The waste quantification methods used today for fish culture systems are either based on direct measurements of nutrient and suspended solid fluxes or on indirect evaluation based on the digestibility coefficients of the feed constituents. The objective of the present study is to evaluate the waste of a freshwater flow through farm using both approaches and to discuss their applicability, drawbacks and advantages from the viewpoints of fish farmers and control authorities. Waste production on the farm was monitored during several 24 hour cycles in order to characterise the effluents of the system. The predictions and measurements for the total nitrogen (TN) parameter were well correlated, but measured and predicted suspended solids (SS) and total phosphorus (TP) values presented a weaker correlation coefficient. The hydrobiological method gives details on the N and P forms of waste but this method is heavy and it is difficult to obtain representative samples and flow rate measurements. The nutritional method is the simplest to use, provided that feed data are available.
Introduction

25
There are large differences in aquaculture regulations, in waste control and water quality 26 survey methods and in legislation between European countries. In most countries, water 27 quality is monitored by competent authorities and/or by self-monitoring (Fernandes et al., 28 2000; Bergheim and Brinker, 2003) . Most countries have environmental quality standards 29 mainly in relation to water quality and nutrient release. Some, such as Ireland or Norway, 30 have brought in farming limitations based on a maximal stocking density or a maximal yearly 31 feed quantity (Maroni, 2000) . The aim of the EC Water Framework Directive (2000/60) is to 32 develop a sustainable policy for environmental protection and especially, to homogenize all 33 the directives or Community decisions adopted since 1975 on the fight against pollution and 34 on the definition of water quality standards. Countries must progressively reduce polluted 35 water emissions and develop monitoring programs with a view to improving water quality 36 before 2015. 37
Concerning fish farm waste regulations, one may distinguish two different approaches: one 38 based on a maximal authorized feed quantity; the other on maximal authorized emissions in 39 the recipient ecosystem. In Denmark for example, the Danish decree (2002, November, 8 th ) 40 fixed: (1) a maximal authorized annual feed quantity for freshwater farms, reduced or 41 increased depending on water abundance and natural quantity and on the effluent treatment 42 system, and (2) feed composition (energy, N, P and ash). A limit has been set on the tonnage 43 of total nitrogen and phosphorous released into marine waters also (Pedersen, 1999) . In 44 France, the "polluter payer" principle implies that fish farmers must pay a tax to the regional 45 water agencies. The payment is calculated on annual feed quantity and suspended solids (SS), 46 nitrogen (N) and phosphorous (P) fluxes, with global emission coefficients obtained from 47 feed digestibility determinations. Fish farm effluents are also regulated by the French ICPE 48
Both sectors use very high quality, constant temperature well water (around 10 °C during the 142 period). The first three tanks of sector 1 are fed with a well water flow rate varying from 600 143 l.s -1 up to 2000 l.s -1 , corresponding to a water renewal rate of between 200 % and 600 % per 144 hour in the tanks. After a first use, the rearing water is filtered through a mechanical filter, 145 oxygenated, and reused in the four following tanks of the sector 1. Each tank is equipped with 146 several aerators in order to keep the oxygen concentration above 5 mg O 2 .l -1 in the tank outlet. 147
The effluent of that sector is filtered with another drum filter before being released into the 148 river through a sport fishing area. The two tanks of sector 2 are fed with the same well water, 149 with a flow rate varying around 500 L.s -1 . 150
In this study the wastes produced by the two on-growing units (sectors 1 and 2) of the farm 151 were evaluated using the hydrobiological and the nutritional methods. 152
The "hydrobiological" method 153
The hydrobiological method is based on water sampling and flow rate measurements. In order 154 to optimise the accuracy of the flow rate measurement, it was decided to measure the water 155 velocity in the tanks which are easily accessible, have a well defined cross section) and a 156 more homogeneous hydraulic regime than the water inlet and outlet channels. Four 24h 157 sampling periods were performed on sectors 1 and 2 between January and March 2006, the 158 last one only on sector 1 (sector 2 was not sampled because of important fishing events). The 159 sampling period was fixed for 24h because the feeding ratio is stable over a period of two 160 days. The inlet and the outlet waters of the two sectors were sampled by ISCO 6712 161 automatic sampler over 24h, with a frequency of one sample every 30 minutes in order to 162 follow the daily fluctuations of waste concentrations linked to the feeding periods (Hennessy 163 et al, 1996) . Water samples were stored 24 hours at 4°C before analysis. In water samples, 164 dissolved N and P, particulate N and total P and suspended solids concentrations were 165 measured. 166 Dissolved N and P were measured by spectrophotometry, after filtration on Whatman GF/C 167 filters. NH 4 -N, NO 2 -N, urea-N, PO 4 -P were analysed using an Alliance Instruments Evolution 168 II, after AFNOR method (NF T 90-015) described by Solorzano (1969) and the ISO method 169 (6777-1984 F) described by Bendschneider and Robinson (1952) respectively. NO 3 -N was 170 measured with a Technicon® Autoanalyzer II, after a nitrite reduction on a cadmium-copper 171 column (Wood et al., 1967) . 172
Particulate-N was obtained after a CHN analysis and total-P by using a colorimetric method 173 NFENISO11885 (after mineralisation). Total N was calculated by adding the nitrogenous 174 compound concentrations. Suspended solid (SS) concentrations were determined after GF/C 175 filtration (NFEN872). 176
During the sampling periods, the water flow rates were measured with a bottom mounted 177
Argonaut-shallow water Doppler current meter (Huhta and Ward, 2003) . This current meter 178 provides a vertically integrated velocity measurement (4 points of measurement in the water 179 column). The water flow rates were measured in the 9 tanks of the farm, which constitute the 180 two sectors, with a frequency of one sample every 15 seconds. The current meter was placed 181 on the bottom of the tanks and moved at different distances of the vertical walls (every 50 cm) 182 during the 24 hour period. These measures enabled calculation of the average water flow rate 183 of the farm. The effluent (dissolved, particulate and SS) fluxes produced by the fishes during 184 the 24 hour period were calculated by subtraction of inlet fluxes from outlet fluxes. 185
Temperature, oxygen, pH and redox were also controlled with a Consort multi-parameter 186 analyser. 187
188
The "nutritional" method 189
Fish farm effluent production was calculated with the nutrient balance model developed by 190 Papatryphon et al. (2005) . This model is based on feed utilisation by the fish. Waste fluxes 191 are calculated by removing the part retained by the fish (biomass production and body 192 composition), from the part ingested by the fish. 193
Total effluents include solid and dissolved effluents, with solid effluents as the undigested 194 part of the feed (calculated with the nutrient digestibility coefficients (Guillaume et al., 195 1999) ), and dissolved effluents as the rest. The total-SS are calculated by adding the faecal 196 SS, equivalent to the non digested feed (proteins, lipids, carbohydrates, ash and fibres) and the 197 SS from uneaten feed. In this method, the following equations are used to calculate N, P and 198 SS waste production: 199 (Papatryphon et al, 2005) . 212
Similar equations with appropriate coefficients are used to evaluate P wastes: the proportion 213 of phosphorus in feed composition and the whole fish body P content of 0.004 g/g of body 214
weight (Papatryphon et al, 2005) . 215 Uneaten feed SS = (DF * % UF) * (% dry matter in feed) 221
The digestibility coefficients (DC) were those proposed by Papatryphon et al., 2005 (table I) ; 222 protein and lipid digestibility coefficients were compared to the digestibility coefficient 223 measured by the manufacturer. 224
Fish were fed twice a day around 1 % of the standing stock per day, with two different feed 225 origins according to the fish size. The average feed composition is presented on table I. Fish 226 were fed partly automatically, partly manually, up to satiety. The daily feed quantity 227 distributed manually was determined from feeding tables by a computerised distribution 228 system. The complementary quantity distributed manually up to satiety was also registered. 229
This feeding method allowed avoiding uneaten feed. Tank biomass was evaluated from the 230 biometrics every other week (average weight on 50 fish, for each batch) and enabled 231 calculation of the FCR. Body nutrient contents were set on 26 g N. kg -1 of body weight and 4 232 g P. kg -1 of body weight (Papatryphon et al., 2005) . 233
234
Results
235
Daily feed rate and tank biomass were stable during the studied period. The biological data 236 are presented in table II. The water flow rate of the whole farm fluctuated around 1336.7 ± 237 210.8 l.s -1 (average daily flow rates of 820, 840, 1030 and 857 l.s -1 on sector 1, during the four 238 24 h periods respectively, and 400, 370 and 550 l.s -1 on sector 2, during the three 24 h 239 periods). 168 samples were treated. 240
The daily waste fluxes of the farm, predicted with the nutritional method, the CEMAGREF 241 method and measured with the hydrobiological method are presented in table III, with  242 corresponding values expressed as fluxes per kg feed. These data correspond to the waste 243 produced by a standing stock of 132 tonnes of fish (average value during the studied period). 244
The daily average flux of total-N, measured using the hydrobiological method is 54.1 ± 10 245 kg. measured fluxes of particulate-N, NH 4 -N and urea-N are respectively 11.8 ± 3.4, 31.6 ± 7.5 249 and 10.7 ± 2.5 kg.d -1 and the particulate-P and PO 4 -P fluxes produced by the fish are 9.6 ± 3.6 250 and 4.0 ± 0.2 kg.d -1 (table III) . 251
Using the CEMAGREF method (Fauré, 1983) , NH 4 -N, TP and SS fluxes of the farm are 36.4 252 ± 3.7, 6.7 ± 0.7, and 136.3 ± 14.1 kg.d -1 respectively (table III) . The CEMAGREF method gives lower SS value than the nutritional method and the measured 273 value (Table III and figure 2 ). This can be explained by excessive variation coefficients of the 274 results of this model, which is not statistically acceptable for the SS (Jatteau, 1999) , and by 275 important daily SS fluctuations (figure 7). The predicted daily flux of total-P calculated using 276 the nutritional method is quite similar to the CEMAGREF estimation and lower than the 277 measured value. The NH 4 -N fluxes calculated with the three methods are in the same order of 278 magnitude. Even if the CEMAGREF method gives consistent results, this method is only 279 based on the daily quantity of feed distributedand do not take into account the feed 280 composition or the digestibility coefficients, while they are currently drastically improved. In 281 fact, metabolic wastes can be minimised by modifying the digestibility, the energetic density 282 and friability of the feed ingredients (Cho and Bureau, 1997; Kaushik, 1998; Roque 283 d'Orbcastel and Blancheton, in press, 2006) . MacMillan et al. (2003) attributed 40% of the P 284 effluent reduction of flow-through trout farms, during the past 15 years, to management 285 improvements, such as feeding practices, low-P (0.9%) feed use and frequent tank cleanings 286 (quiescent zone management). 287
In our study, the total annual waste production estimated with the nutritional method, 289 expressed per metric ton of fish standing stock, were 147.5 kg for solids, 40.8 kg for N, and 290 8.7 kg for P, lower than those reported by Axler et al. (1997) and by Bureau et al. (2003) for 291 salmonid farms (table IV) . 292
Concerning the comparison between the nutritional method and the hydrobiological method 293 results, predicted and measured N waste fluxes are quite similar: the predictions and 294 measurements are well correlated (r 2 = 0.88), with predictions a bit higher than measurements. 295
For the TP and SS parameters, the predicted and measured fluxes are less correlated (r 2 of 296 0.53 and 0.48 respectively), with measurements higher than predictions. The physical 297
properties of solid wastes, subject to decantation as well as re-suspension, can explain part of 298 the differences. According to Boujard et al. (1999) and Papatryphon et al. (2005) , N, P and 299 SS are sometimes underestimated by the hydrobiological method because of sampling 300 difficulties and sample preservation difficulties, and sometimes overestimated, because of 301 solid re-suspension (due to fishing, tank cleaning or hydrology). They can also be under or 302 overestimated by the nutritional method, depending on the digestibility coefficients and the 303 precision of ingested feed quantities. 304 Boujard et al. (1999) compared the results of waste evaluation with the nutritional and the 305 hydrobiological methods (two consecutive 24 h periods, with samples taken every 2 hours, on 306 4 rainbow trout tanks). They found a global balance of nitrogenous wastes of 50-65 g N.kg 307 feed -1 and 9-16 g P.kg feed -1 for the phosphorous corresponding value, a bit higher than those 308 found during the present study. In their study, they defined the waste as the fraction of the 309 nutrients which are not retained by the fish, including also the uneaten feed (Boujard, pers. 310 comm.) . The lower quantities that we measured using the hydrobiological method (38.5 ± 7.1 311 of total-N g.kg -1 feed and 9.7 ± 2.5 of total-P), could be explained by better feed management 312 on the Murgat farm which results in almost no uneaten feed. They shown also a good 313 correlation between predicted and measured N values, with r 2 = 0.85, higher than the 314 correlation factor for P values of 0.67. According to the authors, the wastes measured with the 315 hydrobiological method were underestimated but comparable to the calculated values. because it gives details on the different forms of N and P in the wastes (Boujard et al., 1999) ,. 329
The results obtained in this study are comparable to those of previous studies: (Braaten, 1991; 330 Heinen et al., 1996; True et al., 2004) reported that over 85% of N was in dissolved form and 331 40-85% of P in solid form. Boujard et al. (1999) found that for 1 kg of dry feed (80-93 g of N 332
and 12-21 g of P) similar results for the N waste proportions (73% of the nitrogen was 333 released, with 78% in NH 4 -N form) but opposite for the P wastes (87% of the phosphorous 334 was released with 60% in dissolved form (mainly PO 4 -P)). 335
Using the hydrobiological method, we observed important daily NH 4 -N and SS fluxes 336 fluctuations (figure 8). In fact, fish farm wastes are highly fluctuating: daily variations 337 depending on feeding time and farm management (fishing, sorting…); annual variations 338 depending on the fish biomass and distributed feed. For example, NH 4 waste increases after 339 the feeding time, with a maximum around 6 hours after feeding, depending on species, feed 340 and feeding ratio and feeding several times a day contributes to decrease the waste daily 341 fluctuation (Dosdat et al., 1996; Jatteau, 1999) . SS fluxes increase during the feeding period 342
because of fish motion and may also increase after digestion (after Guillaume et al., 1999, 343 ingested feed stays in the gut of 250-500g fishes during about 10 hours after ingestion). 344
Representative samples of the waste produced by the farm cannot be obtained if the number 345 of samples is decreased (Boujard et al., 1999; Cho and Bureau, 1997; Jatteau, 1999) . The hydrobiological method appears to be too heavy and costly for regular use as part of the 362 waste quantification and self monitoring processes required under the ICPE legislation. 363
In comparison, the nutritional method is easier and quicker, and a rather inexpensive way to 364 predict fish waste production. Using the theoretical digestibility coefficients (Papatryphon et 365 al., 2005) and feed composition given by the manufacturer, or the measured digestibility 366 coefficients (for proteins and lipids) and feed composition, the nutritional method gave 367 different solid waste evaluation. W ith the theoretical protein, lipid and carbohydrate 368 coefficients and theoretical feed composition, the SS predicted emissions are 88.5 tons / year 369 whereas with measured coefficients, the model gives 69.3 tons / year. So the feed composition 370 and the digestibility coefficients used in the model can lead to more than 20% variation in the 371 solid waste evaluation. 372
Even if the hydrobiological and nutritional methods do not allow one to precisely anticipate 373 waste production, both provide interesting orders of magnitude; the nutritional method is the 374 simplest for the fish farmers to evaluate the waste produced by their farm, although it requires 375 precise information (especially on feed composition, ingested feed quantity and digestibility 376 coefficients are available). 377
378
If it is established that waste emissions can be reduced at the fish level (Cho and Bureau, 379 1997; Kaushik, 1998; Roque d'Orbcastel and Blancheton, 2006; MacMillan et al. 2003) , 380 waste also has to be reduced at the system level through the use of well designed waste 381 treatment systems. The design of the treatment systems also requires good knowledge of the 382 waste production process especially because the economic feasibility of aquaculture waste Table I . fish extruded feed composition (%), theoretical nutrient digestibility coefficients (DC) (from Papatryphon et al., 2005) Urea nitrogen 10.7 ± 2.5 -7.6 ± 1.8 -Total phosphorus 13.6 ± 3.5 6.3 ± 0.6 6.7 ± 0.7 9.7 ± 2.5 4.5 ± 0.1 Particulate phosphorus 9.6 ± 3.6 -6.8 ± 2.6 -Orthophosphate-P 4.0 ± 0.2 -2.8 ± 0.1 - Table IV . Total annual waste production of the farm calculated with the nutritional method, in comparison with values reported by Axler et al. (1997) and Bureau et al. (2003) Figure 1 . The growing sector of the farm, divided into two sectors: sector 1 composed of 7 concrete tanks with 4 species reared and sector 2 composed of 2 concrete tanks with only rainbow trout species. Each sector is fed by its own well water. 
